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. Attract-Anchor-Drag (AAD) control of a spiral wave core along a triangular trajectory. (A) Schematic diagram of our in vitro set up, showing how we project light patterns on an optogenetically modified monolayer. (B) The sequence of light spots that constitute the desired triangular trajectory of the spiral core. (C1-C4) In silico AAD control data recorded at subsequent times; (D1-D4) In vitro corroboration of our in silico findings (n=9). In panels (C) and (D), the current location of the applied light spot is indicated with a filled blue circle, whereas, the schematic movement of the tip of the spiral wave, as it is anchored to the location of the light spot at previous time points, is indicated in each frame by means of dashed red (in silico) and white (in vitro) lines. The location of the phase singularity of the spiral wave is marked in the first and last frame of panels (C) and (D) with a red (in silico) or white (in vitro) asterisk. a.u., arbitrary units. A video demonstrating the process of dragging a spiral wave core along a triangular trajectory is presented in Video 1.
ics and pattern formation in excitable biological media, as they enable, for the first time, real-time 87 discrete dynamic control over processes that are associated with self-sustained spiraling phenom-88 ena, e.g. reentrant electrical activity, cAMP cycles and movement of cytosolic free Ca2+ , to name a 89 few. In particular, in the heart, tight control of spiral waves may allow restoration of normal wave 90 propagation.
91

Results
92
Self-sustained spiral waves can be actively generated in most natural excitable media. In this study, 93 we induced spiral waves of period 60 ± 5 ms in silico and of period 63 ± 11 ms in vitro in confluent 94 monolayers of optogenetically modified neonatal rat atrial cardiomyocytes (see Methods for de-95 tails). Targeted application of light to the monolayers led to the sequential occurrence of two 96 events: (i) creation of a spatially predefined temporal heterogeneity (i.e. a reversible conduction 97 block) near the core of a spiral wave, and (ii) emergence of a wave from the spot of illumination.
98
In a previous study (Feola et al., 2017) , we demonstrated the possibility to create such a tempo-99 ral heterogeneity with optical control over the size, location and duration of the block. Here, we 100 show how creation of a light-induced block close to the core of a spiral wave, can attract the spiral of termination, we attempt to develop an in-depth qualitative understanding of the pa-135 rameters that play a crucial role in the dragging process. We focus on the previously described can be dragged, from the center of the domain to a border, increases with increasing . At small 146 , the spiral tip is dragged along a cycloidal path, in which, the diameter of the loop is ( ). As 147 increases, the spiral tends to translate linearly, without executing rotational movement about the 148 core.
149
To investigate the conditions that allow spiral wave dragging with discrete light pulses, we ap- in time (with period ℎ + ), but not in space. We perform two sets of studies for the case of 156 linear dragging. In the first set, we fix ℎ + at 200 ms and tune . In the second set, we Figure 2 . AAD control of a spiral wave core in favor of termination. The upper panel (A1-A6) shows successful removal of a spiral wave in silico, by capturing its core from the center of the simulation domain, and dragging it to the left boundary in a stepwise fashion ( ℎ = 250 ms and = 1 ms per spot, period of the reentry around the spot is 78 ± 2 ms). The lower panel (B1-B6) shows in vitro proof of the results presented in panel (A) (n=9). For each light spot, the current location of the applied light spot is indicated with a filled blue circle ( ℎ = 250 ms and = 15 ms, period of the reentry around the spot is 90 ± 12 ms). The schematic movement of the tip of the spiral wave, as it is anchored to the location of the light spot at previous time points, is indicated in each frame by means of dashed red (in silico) and white (in vitro) lines. The location of the phase singularity of the spiral wave is marked in the first frame of each panel with a red (in silico) or white (in vitro) asterisk. a.u., arbitrary units. A video demonstrating the complete process of dragging a spiral wave core from the center of the monolayer to the left border, causing its termination, is presented in Video 2. (Time t=0 ms denotes the moment when the light is applied.) is shown in Figure 3H . (Krinsky, 1978; Beaumont et al., 1998) , the corollary that manipulation of spiral wave cores 252 should lead to full spatiotemporal control over wave dynamics in excitable media, appears to be 253 unexpectedly non-obvious and understudied (see below). In this paper, we prove the aforemen- In this study, we focus on spiral waves in cardiac excitable media, as these abnormal waves 400 have been associated with lethal heart rhythm disturbances, while their management and termi-401 nation remain a serious challenge. The insights gained from our results, as well as the AAD control 402 method itself, may not only improve our understanding of spiral waves dynamics in favor of restor-403 ing normal cardiac rhythm, but also create incentive to explore these principles in other excitable 404 media prone to spiral wave development.
405
Methods and Materials
406
The electrophysiological properties of neonatal rat atrial cardiomyocytes was modeled according 407 to (Majumder et al., 2016) , whereby, the transmembrane potential of a single cell evolved in 408 time as follows:
is the total ionic current, expressed as a sum of 10 major ionic currents, namely, the fast 
where  is the diffusion tensor. In simple two-dimensional (2D) monolayer systems, in the ab-417 sence of anisotropy, the diffusion tensor takes on a diagonal form with identical elements. Thus
418
 reduced to a scalar in our calculations, with value 0.00012 cm 2 ∕ms. This resulted in a signal con-419 duction velocity of 22.2 ± 3.4 cm∕s. Furthermore, in 2D, , ℎ was considered to be constitutively 420 active, in consonance with the results from in vitro experiments (Majumder et al., 2016) . 421 The optogenetic tool used in the numerical studies was a model of Chlamydomonas reinhardtii 422 channelrhodopsin-2 mutant H134R, adopted from the studies of (Boyle et al., 2013) The param-423 eter set used in our studies was exactly the same as that reported by (Boyle et al., 2013) , with 424 irradiation intensity 3.0 mW∕mm 2 to qualitatively mimic the large photocurrent produced upon illu-425 minating a neonatal rat atrial cardiomyocyte monolayer.
426
In order to consistency with the in vitro experiments, we prepared 10 different simulation do-427 mains, composed of neonatal rat atrial cardiomyocytes with 17% randomly distributed cardiac fi- Video 5: Use of AAD control method to terminate complex reentry (4 spiral waves) in vitro. This 506 video was produced in the same manner as described above for In vitro A. 507 
